• APOE-ε4 alleles impact hippocampal down-regulation neurofeedback performance.
White matter microstructure is altered in cognitively normal middle-aged APOE-ε4 homozygotes [10] and a previously established increase in default mode network (DMN) connectivity during β-amyloid accumulation [2] appears to be compensating for decreasing functional connectivity of the left hippocampus [3] , that specializes in the representation of objects' episodic context [11] . Age and psychiatric pathology exert significant effects on neurofeedback (NF) performance of the DMN [12] and we have developed an open-source virtual reality (VR) NF environment for real-time fMRI (rt-fMRI), to systematize further investigations [13] .
In previous studies of healthy young adults, rt-fMRI NF performance correlated with down-regulation, but not up-regulation, of the parahippocampal formation [14] . Moreover, learning to up-regulate the left dorsolateral prefrontal cortex was associated with higher improvement of working memory, across two sessions [15] . Virtual reality has also shown promise for the development of immersive experimental tasks with increased ecological validity [16] , that have revealed significant insights regarding hippocampal function [11, [17] [18] . A crucial consideration in combining VR and NF towards translational applications, regards the accurate selection of purpose-specific NF target regions [19] . Advanced neuroimaging methods have enabled the probabilistic segmentation of hippocampal subfields from T1-weighted anatomical images [20] [21] [22] [23] . Evidence suggests the dorsal hippocampal subfield cornu ammonis 1 (CA1) to be the part of the hippocampus that selectively experiences atrophy due to AD compared to normal aging [22] [23] .
We reasoned that if preclinical alterations in brain function occur prior to neurodegeneration, it is probable that they are most prominent in areas that later undergo atrophy due to AD. Using a VR NF paradigm that was custom-made for this study [13] , we measured the ability to exert voluntary control on the activity of hippocampal subfield CA1, in subjects at risk for AD. We hypothesized that memory performance, structural connectivity and the APOE genotype, would exert distinct effects on hippocampal down-regulation NF performance.
Methods

Participants
Participants comprised of 53 adult volunteers (age M = 62.77 years; SD = 5.73) from the ALFA (Alzheimer's and Families) cohort, that features 86.3% descendants of AD patients and 19% APOE-ε4 carriers, hence presenting increased risk for AD [24] . All participants had no neurological or psychiatric history and at the time of scanning were cognitively normal, according to their scores on the retention index (M = 0.98; SD = 0.06) of the Free and Cued Selective Reminding Test (FCSRT) [25] , that had been measured within the preceding six months. Participants had previously also completed the Cognitive Reserve Questionnaire (CRQ), a questionnaire comprised of 10 questions whose total score serves as a proxy for cognitive reserve [26] (M = 16.34; SD = 3.91). Thorough quality control was applied in advance, to exclude datasets having more than 10% invalid functional volumes due to movement and acquisitions during which technological complications, fatigue, discomfort or sleep had occurred. The local ethics committee 'CEIC-Parc de Salut Mar' reviewed and approved the experimental protocol, that was in accordance with the Declaration of Helsinki.
Apolipoprotein E genotyping
Participants' APOE genotype was determined as previously described [24] . Briefly, proteinase K digestion followed by alcohol precipitation, was used to obtain DNA from the blood cellular fraction. Samples were genotyped for two Single Nucleotide Polymorphisms (SNPs), rs429358 and rs7412, so that the number of APOE-ε4 alleles could be determined for each participant. Results are displayed in Table 1 . 
Image acquisition
All scanning was performed in a single 3 T Philips Ingenia CX MRI scanner [31] . The N4 nonparametric non-uniform intensity normalization bias correction function [32] [33] of the Advanced Normalization Tools [34] (ANTs v2.x; RRID: SCR_004757) was applied on all T1 images, followed by an optimized blockwise non-local means denoising filter [35] . Multi-atlas segmentation with joint label fusion [36] was used to segment each participant's bilateral hippocampal subfields, and derive probabilistic maps for CA1. These maps were thresholded at P = 0.9 to create binary masks that were used as NF target ROIs.
VR task and real-time NF
The VR environment and real-time computations have been described in detail elsewhere [13] . Briefly, participants were immersed in a VR environment developed in the game-engine Unity (Unity Technologies ApS, San Francisco, CA, US), that resembles a park, with trees, a lake, a bridge etc. (Fig. 1) . temporal highpass filter with a cut-off frequency of 1/90 Hz was applied to remove low frequency drifts in the fMRI time series, and spatial smoothing was performed using a 3D Gaussian kernel and a filter size of 6 mm at FWHM. Functional connectivity analysis was performed using the average of each subject's normalized bilateral CA1 as the seed timeseries.
Statistical Analysis
First-level GLM was employed to quantify NF performance per participant.
Using Pearson's r as a metric of similarity, actual NF moment-to-moment regulation, as captured in the realigned average CA1 timeseries, was compared to a linear vector representing the target performance of continuous down-regulation, producing a measure of NF performance for each participant. First, we investigated whether the unique variance associated with episodic memory was reflected in the functional connectivity of hippocampal CA1 during the NF task. Total Recall (TR), which constitutes the signature of memory impairment that is specific to AD [42] [43] 
Influence of the APOE genotype on NF performance
Controlling for sex, age, hippocampal volume, cognitive reserve and TR, NF performance showed a significant negative correlation with the presence of APOE-ε4 alleles in a dose-dependent manner, r = -0.288, p = 0.037; Fig. 4 . 
Discussion
To our knowledge, this is the first neurofeedback study of the hippocampus, especially in a cognitively healthy population at risk for AD. The results corroborate the established role of APOE genotype as the strongest genetic risk factor for AD [44] [45] and suggest that APOE-ε4 alleles impact older adults' ability to down-regulate hippocampal activation. This interpretation provides a mechanistic explanation with regards to the hippocampal hyperactivity observed in early AD [1] and APOE-ε4
homozygotes [7] . Moreover, the results show that hippocampal down-regulation is not directly affected by other AD risk factors, including cognitive and brain reserve.
On the contrary, low SDV, that is related to neurodevelopmental processes [29-30], appears to exert a positive effect on hippocampal down-regulation performance.
These results pave the way for novel methods to assess subtle differences in memory function, by proposing neurofeedback performance as a promising metric for preclinical assessments and showing that bilateral hippocampal cohesion during gamified functional neurofeedback, correlates with performance on the most widely used psychometric test for mild cognitive impairment, in cognitively normal participants.
Existing literature provides a feasible explanation for the negative correlation between SDV and NF performance. According to current models, NF learning is enabled via a network comprised of the anterior insular cortex and anterior cingulate cortex, as well as parts of the prefrontal cortex, parietal lobule, ventral striatum and thalamus [45] . It follows that brain regions with direct connections to the NF learning network would be easier to modulate than brain regions with less direct connections.
By extension, if a target brain region is connected more heavily to areas that are not part of the NF learning network, it will be more difficult to modulate its activity.
Previous research could not account for the high percentage (up to 30%) of subjects with no improvement in self-regulation performance [46] . Here we have partly addressed this by showing for the first time that variance in NF performance can be accounted by genetic and anatomical factors, providing a foundation for further investigations. Due to the overall negative influence of APOE-ε4 alleles [43] [44] , good hippocampal down-regulation performance should be tentatively viewed as a resilience factor, rather than as a risk factor. Because brain reserve and cognitive reserve did not exert any strong influence on NF performance, it appears that NF performance may be useful in estimating the independent, functional component of resilience to memory decline, known as neural reserve [8] [9] .
Limitations and future directions
Recently we showed that DMN up-regulation and down-regulation learning are negatively correlated [12] . Therefore it is feasible that the present results would be reversed using a hippocampal up-regulation task. It is important to confirm our findings with longitudinal studies investigating both down-regulation and upregulation, while including sham NF conditions. To this aim, we have developed an Thereby, these methods appear promising for identifying early alterations in brain function due to AD and hold potential for scalable prognostic screening.
